Abstract: Cosmetic products contain potential contact allergens or precursors that require metabolic conversion or oxidation to generate contact allergens. The most relevant contact allergens are fragrances and preservatives. These substances can pose hazards to human health due to their ability to activate T cells that can cause allergic contact dermatitis, an inflammatory skin disease. In recent years, much progress has been made in the elucidation of the mechanistic basis for immune system activation by contact allergens. This is essential for the development of better diagnostic tools, targeted therapies and animal-free in vitro assays for contact allergen identification. This overview will highlight some aspects of the activation of innate and adaptive immune responses by contact allergens.
Contact Dermatitis
Contact allergens are small organic chemicals or metal ions. As such they are too small to be recognized by the immune system. Therefore, they are also called haptens (half-antigens) and are obligatory reactive (electrophilic or complex-forming). Some chemicals must be oxidized (pre-haptens) or metabolically converted (pro-haptens) to acquire chemical reactivity [1] . Chemical reactivity is the main feature that differentiates contact allergens from irritants. The latter are, for example, detergents such as sodium dodecyl sulfate (SDS) that cause irritant contact dermatitis (ICD) but fail to activate an adaptive immune response. They exert toxic effects on skin cells but also seem to evoke some aspects of the innate immune response. Contact allergens cause allergic contact dermatitis (ACD). The prevalence is high with 15%-20% of the general population sensitized to at least one contact allergen and 5%-10% developing clinically manifest disease at least once a year [2, 3] . Occupational ICD and ACD are some of the most important occupational diseases [4, 5] . Many chemicals are encountered in the workplace and can cause severe problems [6] . Moreover, cosmetic contact allergens, especially fragrances, preservatives and hair dyes are of great importance [7] . Given the prevalence of contact dermatitis and its impact on human health, the urgent need for the development of novel mechanism-based targeted therapies is obvious. In addition, the risks in handling and use of chemicals in the workplace and in consumer products must be communicated to raise awareness, and preventive measures must be taken in the first place to avoid ACD and ICD.
Sensitization to a contact allergen can occur upon first skin contact and involves the induction of an innate inflammatory immune response and, eventually, a contact allergen-specific T cell response [8, 9] . Elicitation of ACD requires repeated skin contact with the same contact allergen and results in the recruitment of circulating contact allergen-specific T cells into the skin. Repeated skin contact with the contact allergen may be required at the level of sensitization and elicitation for consumer or occupational ACD to occur. The T cells are then activated when they recognize the contact allergen in the context of major histocompatibility complex (MHC) molecules on skin cells. They promote inflammation due to their cytotoxic effector function and secretion of cytokines such as IFN-γ and IL-17 [10] . The immune response is then rapidly downregulated by regulatory T cells and other cells with immunoregulatory functions such as NKT cells [9, 11] .
Diagnosis of ACD
Productive sensitization is clinically inapparent but can be diagnosed by the patch test [3] . In this in vivo test, test substances are applied to the back skin for 48 hours. If sensitization to a test chemical exists, a red eczematous skin reaction is seen in the specific test area. This ACD is caused by contact allergen-specific T cells of the sensitized individual that are recruited to the inflamed skin and exert their effector function such as cytotoxic activity against cells which present the contact allergen in the context of MHC molecules. The patch test is a very old method that requires reading by trained and experienced experts. One future goal is the identification of, ideally, circulating biomarkers that unequivocally identify ACD and allow its distinction from ICD and from other forms of eczema. Recent studies are pointing in this direction. Here, global profiling technologies were used to identify contact allergen-specific or eczema subtype-specific gene signatures using human skin biopsies. The comparison of different contact allergens revealed commonly regulated genes but also genes that are specific for individual allergens [12] . The intra-individual comparison of patients with psoriatic, atopic or nickel-induced eczema also revealed gene signatures that are common or specific for the eczema subtype [13] . The identification of allergen-and disease-specific biomarkers will pave the way for modern, molecular diagnostics. Moreover, such studies will identify novel potential drug targets for causative therapies.
Chemical Reactivity and Immune System Activation
Contact allergens are reactive low molecular weight organic chemicals or metal ions. Their reaction with biomolecules, either by covalent binding or by complex formation, is essential for their antigenicity and immunogenicity. However, contact allergens are very special due to their ability to simultaneously activate the innate immune system and to form T cell epitopes.
The formation of T cell epitopes requires protein reactivity of contact allergens. They may directly bind to peptides presented by MHC molecules on the cell surface or, as is the case for metal ions, form complexes with peptides and MHC molecules or MHC molecules alone in a peptide-independent manner. In addition, extra-and intracellular proteins can be chemically modified and are then processed to generate contact allergen-modified peptides that are displayed on MHC molecules on the surface of antigen-presenting cells (APC) [10] .
Another, essential consequence of the chemical reactivity of contact allergens is the activation of the innate immune system, a pre-requisite for the activation of the adaptive immune system [14, 15] . Here, contact allergens are very peculiar since they engage pathways characteristic for innate immune responses to infections, and this can happen under sterile conditions. This special type of inflammation induced by xenobiotic substances was called xenoinflammation to distinguish it from microbial inflammation or auto-inflammation [14] .
The Innate Molecular Immune Response to Contact Allergens
The surprising result of studies addressing the innate immune system activation by (the few analyzed) contact allergens was that they trigger the same signaling pathways that are triggered by infectious agents. During an infection, some pathogens activate pattern recognition receptors (PRRs) such as the membrane-associated Toll-like receptors (TLRs) and the cytosolic NOD-like receptor (NLR) NLRP3, a component of the caspase-1 activating NLRP3 inflammasome. These receptors recognize components of bacteria and viruses such as DNA or RNA, bacterial cell wall components or bacterial toxins commonly designated pathogen-associated molecular patterns (PAMPs), and they trigger the production of pro-inflammatory cytokines and chemokines. Vaccination against protein antigens usually requires the addition of such PAMPs commonly known as adjuvants. Infectious agents also trigger production of pro-inflammatory reactive oxygen species (ROS) which promote TLR and NLRP3 inflammasome activation. As mentioned above, contact allergens are very peculiar: they can activate both the innate and the adaptive immune system, i.e., they possess auto-adjuvant activity. In recent years, significant progress has been made in the elucidation of the mechanistic basis for this special feature of contact allergens. Contact allergens efficiently activate PRRs. For the TLRs, direct and indirect activation has been shown. The metal ions nickel and cobalt directly bind to conserved histidine residues in the human lipopolysaccharide (LPS) receptor TLR4, causing its dimerization and signaling in the absence of the cognate ligand LPS [16, 17] . These histidine residues are missing in the mouse TLR4, which explains the failure of nickel to induce ACD in the mouse contact hypersensitivity (CHS) model unless an adjuvant such as LPS is added. Organic chemicals such as oxazolone and 2,4,6-trinitrochlorobenzene (TNCB) activate TLR2 and TLR4 indirectly as shown in the CHS model [18] . They cause the degradation of the extracellular matrix component hyaluronic acid (HA). HA fragments can then activate these TLRs. In addition, they cause oxidative stress and activation of the antioxidant phase II response due to their induction of reactive oxygen species (ROS) [19, 20] . All of these contact allergens activate the NLRP3 inflammasome. In the case of the organic chemicals, it was shown that this is mediated by causing cellular stress resulting in the release of ATP and, consequently, the triggering of inflammasome activation via the ATP receptor P2X7R [21] .
Another signling pathway triggered by contact allergens involves unknown receptors that couple to the kinase Syk [22] . It was shown that the production of IL-1β was mediated by signaling via the kinase Syk coupling to the adaptor CARD9 and Bcl10 for NF-κB activation. The processing of immature pro-IL-1β requires caspase-1 activation via the NLRP3 inflammasome. This was dependent on ROS production but independent of CARD9/Bcl10 or the TLR/IL-1R-associated adaptor protein MyD88. This study implies that contact allergens directly or indirectly engage an as-yet-unknown immunoreceptor tyrosine-based activation motif (ITAM) containing a receptor that signals via Syk.
The Innate Cellular Immune Response to Contact Allergens
Triggering of the innate immune response by contact allergens does not only involve the activation of hematopoietic cells. Structural skin cells such as keratinocytes and dermal fibroblasts participate in the immune response. They express PRRs such as the hematopoietic cells. The interplay of many different skin resident and migratory cell types orchestrates the innate inflammatory response in a highly dynamic process. One example of such an interplay is the cross-talk between mast cells, neutrophils and DCs in the sensitization phase of ACD. The use of genetically engineered mouse strains which lack mast cells or allow for mast cell depletion has revealed their important pro-inflammatory role in CHS [23] . Depletion before sensitization or lack of mast cells strongly reduced ear-swelling responses to 2,4-dinitrofluorobenzene (DNFB) or fluorescein isothiocyanate (FITC). It was then shown that neutrophils which infiltrate the skin in CHS also have an important pro-inflammatory role [24] . In the absence of mast cells their skin infiltration was compromised. Moreover, DCs failed to efficiently migrate to skin-draining lymph nodes, and T cell priming was abrogated. In addition, neutrophils were also required in the elicitation phase of CHS in order to enable T cell recruitment to the inflamed skin. It remains to be shown how mast cells and neutrophils are activated by contact allergens. Also, PRRs may play a role here as recently demonstrated for TLR-dependent neutrophil activation in graft-versus-host disease [25] . Interestingly, a recent study revealed that neutrophils leave chemokine cues for T cell migration in the airways. In an influenza infection model, the authors demonstrated CXCR4-dependent CD8 + T cell migration along trails of packed CXCL12 [26] . Moreover, the effector function of the T cells was impaired in the absence of neutrophils, as was proliferation in another study demonstrating neutrophil migration to lymph nodes in a bacterial skin infection model [27] . Thus, infiltrated neutrophils may help to guide T cells into inflamed tissue sites and modulate T cell function.
Identification of Contact Allergens by in Vitro Assays: Alternatives to Animal Testing
Key events of skin sensitization by chemicals have been summarized in the Adverse Outcome Pathway (AOP) [28, 29] . Replacement of animal testing for the assessment of the skin-sensitizing potential of chemicals has resulted in the development of in vitro assays which cover the different steps of the AOP. The outcome of these efforts should be the development of an integrated testing strategy (ITS) that combines several assays [30] [31] [32] [33] [34] . Up to now, two in vitro assays have been fully validated and are now OECD guideline tests. The Direct Peptide Reactivity Assay (DPRA, OECD guideline test 442C) detects the chemical reactivity of test substances based on the depletion of model peptides that contain lysine or cysteine residues. Covalent binding of contact allergens causes a mass shift and disappearance of the mass peak of the unmodified peptide. The second assay is the Keratinosens assay (OECD guideline test 442D). This assay is based on the activation of the antioxidant phase 2 response [35, 36] and detects the activation of the transcription factor Nrf2 in a luciferase reporter system in the human keratinocyte cell line HaCaT. A third test under revision for final validation is the human cell line activation test (h-CLAT). In this assay, human monocytic leukemia THP-1 cells are stimulated by test chemicals and the upregulation of the costimulatory molecule CD86 is detected by flow cytometry. The combination of different assays and mathematical models in an ITS is underway and may increase the accuracy and predicitivity [37] [38] [39] .
In this field of immunotoxicology, profiling efforts are undertaken to identify genetic or proteomic contact allergen-specific signatures for sensitization that can be used in in vitro assays. Examples are the gene signature identified in the human keratinocyte cell line HaCaT [40, 41] , the identification of CREM and CCR2 using human DCs derived from CD34 + progenitors [42] , the identification of a larger gene signature in human MUTZ-3 progenitor cells [43] and the analysis of genes regulated in sensitized human and mouse skin [44] .
Heterologous Innate Immune Stimulation
The hazard and risk assessement in the mouse local lymph node assay (OECD TG 429), the gold standard for contact allergen identification, as well as the current hazard identification in in vitro assays, is performed with single substances. However, final products are usually mixtures and formulations containing a number of different substances, among them several contact allergens, detergents and preservatives. It has to be considered that such combinations may facilitate chemical penetration into the skin, thereby increasing local concentrations. In addition, the combination of contact allergens or of contact allergens and irritants may lead to synergistic or additive effects that amplify innate immune and stress responses ( Figure 1A ,B) [45] [46] [47] . This may lead to sensitizations not observed with single compounds which can be explained mechanistically [48, 49] . A recent report showed no such effects in the Local Lymph Node Assay (LLNA) when isoeugenol and eugenol, two weak fragrance allergens, were mixed. Only dose addition was observed [50] . However, as the authors stated themselves, the effects on the contact allergen-specific T cell response have to be analyzed. There, one may see additive or synergisitc effects.
A good example for such augmentation effects is the TLR system. Of the 10 human and 13 mouse TLRs, most signal via the adaptor protein MyD88 to activate NF-κB. Therefore, simultaneous direct or indirect triggering of different TLRs by contact allergens may result in the amplification of inflammation. This may explain additive or synergistic effects as seen with mixtures and formulations. It is also possible to substitute for a missing innate immune stimulus not given by weak contact allergens by providing a heterologous stimulus by other contact allergens or even by infection ( Figure 1C) . In our CHS model, we have previously shown that mice lacking both TLR2 and TLR4 or TLR4 and IL-12Rβ2 are resistant to CHS. However, triggering of TLR9 on DCs or by injection of synthetic TLR9 ligands into the skin of mice prior to sensitization with TNCB restored CHS ( [18] and unpublished data).
These findings show the importance of the concept of heterologous innate immune stimulation [48] . A simplified view is that for the DC, it does not matter by which stimuli it is activated. As long as proper DC activation and polarization occurs to allow for the priming of contact allergen-specific T cells, it does not matter whether the contact allergen that is recognized by the T cells has provided autologous innate immune stimulation at all or whether it is sufficiently strong. Heterologous innate immune stimuli, as given by other contact allergens or ingredients of formulations and mixtures or even by infections, can provide additive or synergistic effects ( Figure 1B ) or even fully substitute for missing autologous stimuli ( Figure 1C ) [48, 49] . Figure 1B ) or even fully substitute for missing autologous stimuli ( Figure 1C ) [48, 49] . 
Conclusions
ACD and ICD are important inflammatory skin diseases with great socio-economic impact. The elucidation of the molecular and cellular pathomechanisms is moving forward and provides essential mechanistic insights. This is the basis for mechanism-based toxicological research and in vitro assay development to replace animal testing for contact allergen identification and for the identification of novel drug targets and the resulting design of targeted causative therapies. Biomarker discovery will improve diagnosis and promote our mechanistic understanding of chemical-induced skin disease.
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